Introduction
Many insects climb rough vertical surfaces using spines on the distal surfaces of their legs. The spines interact with small asperities (bumps and pits) on the surface to create contacts that can sustain negative normal forces when also loaded in shear [1] [2] [3] [4] [5] [6] . This interaction allows the insect to cling to vertical and even overhanging surfaces. Unlike claws used for climbing soft surfaces such as wood or tree bark, spines do not rely on penetration and therefore can be used on materials such as stone and concrete, so long as they have suitably large asperities. Bio-inspired spines have also been used for robotic and even human climbing on walls of brick, concrete, stucco and similar rough materials (Fig. 1) . In comparison to other methods such as suction, they require 1 To appear in the ASME Journal of Mechanisms and Robotics, 2012 no extra power, are quiet, and are relatively unaffected by surface dust or moisture.
The mechanics of spine/asperity contact are covered in [1] and [7] for insects and robots, respectively. A spine drags lightly along the wall until it encounters an asperity on which it can pull with some combination of tangential and outward normal force. The probability of engaging an asperity within a given length of travel along the wall depends on (i) the spine tip radius in comparison to the average asperity size (ii) the shapes of the asperities (for example, smooth asperities provide fewer engagement sites than sharp ones), (iii) the coefficient of friction and (iv) the loading path of the spine, including its approach angle and the orientation of its force vector as a function of time. Note that only (iv) is under robot control.
Because maximum spine size is limited by average asperity size, which in turn is related to wall roughness, it is necessary to employ increasing numbers of spines to support increasing loads. Figure 1 shows examples of small and medium sized robots and humans using spines when climbing. In each case, the spines are small, curved, tapered beams of hardened metal, with tip radii on the order of 20 µm.
The spines are supported by a suspension system with the following requirements:
• distributes the overall tangential and normal force evenly to avoid damaging individual spines and avoid "peeling" failures in which stress concentrations cause a local fail- ure which then propagates across the array; • provides enough independence between adjacent spines such that each spine can find and settle on its own asperity without influencing, or being influenced, by its neighbors.
• maintains the orientation of each spine so that it does not slip off its asperity as loads are increased; • accommodates errors in alignment between the spine array and the wall, and accommodates local curvature in the wall surface;
Additional requirements such as overload protection arise when considering practical spine mechanisms, as discussed in Section 6.1.
The design of a suspension system that meets these requirements is the focus of this paper. Section 2 discusses relevant prior work. Section 3 gives an overview of how spines and spine mechanisms interact with a surface, resulting in constraints on the ratio of forces, with implications for the spine mechanism design. Section 4 introduces a simple model that is useful for understanding the effects of variations in spine mechanism parameters. Section 5 discusses a fabricated spine mechanism and presents results obtained when using it on a textured surface. The results closely approximate the predicted results from the model. Section 6 discusses further practical requirements on the mechanism design and gives a summary of the spine mechanism design process. Section 7 presents possible extensions to the work presented here and conclusions.
Relevant Prior work
There has been relatively little in the robotics literature on using small, non-penetrating spines to attach to surfaces. The SpinybotII robot [7] used spines and mechanisms similar to those described in this paper to climb a variety of surfaces including brick, stucco, and concrete. The mechanism described in Section 5 was employed on the RiSE robot [8] and by a perching UAV [9] to attach to vertical walls. In other work, [10] applied spines to the Mini-Whegs robot, allowing it to climb surfaces at a 60 • angle. Mini-Whegs uses a different mechanism than presented here, with two spines mounted on each side of a rotating four-bar linkage. The robot is light enough that load-sharing is not important. Insect-inspired spines have also been applied to the RHex hexapod [11] , simplifying its control in rough terrain. A number of robots have also used one stiff claw per foot to scale very rough surfaces (e.g. [8, 12] ).
The design of spine mechanisms also bears similarity to mechanisms for use with directional dry adhesives, since in both cases there are rows or arrays of structures among which adhesion is shared, and in both cases there is a limit on the ratio of normal and tangential forces. [13] use a model to represent dry adhesive stalks that is somewhat similar to the model of spines described in this paper. [14] [15] [16] [17] use models to simulate the ability of dry adhesive structures to conform to rough surfaces. [18] present a limit surface for directional dry adhesives that resembles the limit curve for spines.
Compliant spine mechanisms also draw upon the extensive literature on compliant mechanisms generally (e.g. [19] ), and the analysis of mechanism stiffness as a function of configuration (e.g., [20] [21] [22] [23] ).
Compliant Spine Engagement and Loading

Overview of spine engagement and loading
To understand how the spine engagement and loading process governs spine mechanism design, it is useful to examine a typical loading sequence along with the corresponding constraints on normal and tangential forces. Figure 2 shows a schematic description of these for the purpose of illustrating the principles involved. The trajectories and safe regions shown are approximations of what one could see if using the systems shown in Fig. 1 .
The upper half of Fig. 2 shows a single spine mechanism dragging along a wall and engaging an asperity. The spine mechanism consists of a hardened spine connected to the robot via a compliant linkage with stiffness matrix K, drawn here as a single line for simplicity. A box is drawn at the right side of the spine mechanism, indicating where it connects to the robot. The representation at right shows the corresponding trajectory of normal, F n , and tangential, F s , forces plotted in a two dimensional force space. The operating constraints are represented by the shaded safe region.
If the robot foot moves the spine mechanism upward, Coulomb friction applies as the spine drags upward against the surface: (−F s ≤ µF n ). In Fig. 2 , this is indicated by the angle tan −1 (µ). When pulling downward, if spines catch on asperities, the robot can generate negative normal forces. While the spine tips experience compressive normal forces and friction on sloped asperities [7] , in the robot's coordinate frame the spines generate adhesive forces (F n < 0). The maximum adhesive force is a function of the surface roughness and friction [7] , and can be approximated by the linear constraint: −F n ≤ αF s for small and moderate adhesive forces. If the overall force on the spine exceeds a limit, F max , the contact will fail, either because the spine or asperity has failed or (preferably) because the mechanism has reached an overload limit, causing the spine to release. In general, the adhesion limit and F max will be different for each spine-asperity contact. The bound of the safe region in the direction of positive normal force is determined by the compressive force the spine mechanisms can endure before being damaged [7] . In climbing scenarios, large positive F n forces are typically rare.
The safe region is shown as somewhat rounded between the adhesion and F max limits. This is because the effective asperity cross-section varies as a function of the loading angle: asperities present the largest cross-section, and thus support the largest loads, when forces are applied nearly parallel to the surface.
Loading the spines proceeds as follows, as illustrated in Fig. 2 (top): during the approach phase (1), the spine force is zero as the spine moves with some horizontal and vertical velocity until it makes contact with the wall. Shortly thereafter (2), there is a small positive normal force and possibly a small shear force, depending on the tangential velocity component. The spine may slide either up or down the wall due to the linkage geometry and loading direction, and the linkage may rotate or compress. The spine then continues to drag parallel to the wall until it encounters an asperity (3), at which point the normal and tangential forces develop along a characteristic loading curve (3) (4) that is a function of the spine suspension and the trajectory imposed by the robot. During this time, the spine tip remains resting on the asperity while the robot continues moving, causing the linkage to stretch. At some point, the normal force becomes negative (i.e., pulling into the wall).
At stage (4) the robot can use the spine to pull itself up the wall while also applying some pull-in force to remain attached. If the robot starts to move away from the wall, the negative normal force will increase in magnitude (5). However, if the robot pulls too far away from the wall the spine will slip off its asperity by exceeding the adhesion limit (6) . Conversely, if the robot pulls too hard while staying along the nominal loading trajectory (7) it will eventually reach the overload condition. To detach, the robot needs only to relax the tangential and adhesive forces on the group of spines to zero, returning to the origin (1) in force space. Often this will require a trajectory that moves back up the wall (in the +y direction). Alternatively, if the spine detaches due to violating the adhesion limit or F max limit, the trajectory immediately returns to (2) in force space, assuming the robot maintains its distance from the wall.
The lower half of Fig. 2 shows the effects of multiple spines on a foot. Spines A, B and C each approach the wall and engage asperities after dragging some distance. Note that different asperities, having different profiles, will result in slightly different safe regions for each spine. However, while the safe regions are specific to the asperities, the loading trajectory is the same for all spines, assuming they are mounted on the same foot and have identical suspensions. Thus each spine contact follows the same approximately radial path in force space. There is a family of such curves, corresponding to foot trajectories closer to and further from from the wall, corresponding to x min and x max , respectively. In the example in Fig. 2 , spine A is the first to engage an asperity and is farthest along the loading trajectory, followed by spines B and C.
As each spine reaches the edge of its safe region, it detaches. In the example, if the robot takes a path close the wall (x → x min ), spine A will reach its overload limit and detach before spines B and C. If the robot takes a path farther from the wall (8 → 9), resulting in a larger ratio −F n /F s , spine B will slip off its asperity before spines A and C exceed either their adhesion or F max limits.
When there are multiple spines, the failure caused by any single spine exiting its safe region is not catastrophic. Instead, the spine returns to state (2) and starts to drag along the surface until it engages a new asperity (3) at which point it again proceeds along the loading curve (3) (4) .
Although the behavior depicted in Fig. 2 is an idealization, it will be seen in the following sections that the force traces produced by real spines and suspensions follow the idealized behavior closely.
General requirements for spine suspensions
The interaction of spines with a surface leads to requirements on the spine linkage. The goal is to keep the safe region for the entire group of spines as large as possible, given that all the spines have identical suspensions, and that the safe region for each individual spine is unobservable. This is achieved by minimizing the probability that any spine will exit its safe region.
The first way to achieve this is to choose loading curves to follow the adhesion limit boundary of the safe region. The adhesion limit for each spine-asperity contact is the curve that starts at the origin, and extends radially, eventually curving upward to meet the F max limit. The loading curve should follow this bound while maintaining some safety margin (e.g. 10% of the force magnitude). The loading curve should therefore start near the origin in Fig. 2 and proceed radially toward F max , following the curvature of the adhesion limit.
In general, surfaces will have many asperities, each with its own different adhesion limit. Some asperities will have large values of α = −F n /F s , and can support large adhesive loads, while other asperities will have small values of α and can only support mild adhesive loads. The spine linkage should then permit a wide range of loading curves, all radial in shape but with different slopes. The robot can then choose the particular loading curve it desires by moving the spines toward or away from the wall to help match the desired safe region.
In addition to designing the spine linkage to match the adhesion limit, the spine linkage can be optimized to promote load sharing. This is achieved by having a nonlinear, softening, stiffness characteristic so that as the robot foot proceeds to pull parallel to the wall, the forces grow more slowly as the spine mechanism approaches its overload limit. Thus the spines that attach later than their neighbors have a chance to "catch up" in force space. The effect is illustrated in Fig. 2 (top right) where there are tick-marks along the spine loading curve meant to correspond to the forces at different equally-spaced y-positions of the spine base. The tick marks are spaced closer together as they approach F max .
Implications for the stiffness matrix
The foregoing basic requirements on an elastic spine mechanism can be expressed in terms of the stiffness matrix associated with a spine:
In general, this matrix will be configuration-dependent, but to satisfy the requirements in force space it should have the following characteristics:
• k xx should be very small, so that there is little force on initial contact and the loading curves during stages (1-2) remain near the origin. However, k xx cannot be exactly zero (and must be positive) because some normal force is necessary for the spines to drag along the surface.
• k yy should be moderate, such that F s approaches F max when the spine mechanism is at its maximum extension.
The maximum extension should be sufficient that a spine that engages immediately on contact does not run out of travel before its neighbors can engage on asperities. This is a function of the asperity density on the wall [7] . In addition, as noted in the previous section, it is desirable if k yy decreases for increasing deflections.
• k xy should be moderate and negative, so that F n decreases and ultimately becomes negative as the mechanism stretches in the y direction, and so that stretching in the x direction remains small as loads increase. The relationships among k xx , k xx and k xx , are independent of the mechanism used to achieve them. The only assumption is that a row of spines have identical mechanisms, attached at the same location on the robot foot.
Compliant Stalk Model
The preceding requirements can be met by assuming that the spines are supported by a compliant stalk with lumped extensional and rotational stiffness, as shown in Fig. 3 . If the extensional stiffness is given by k r and the rotational stiffness is given by k θ , then for small normal stiffness at the spine, it is necessary that k θ /r 2 be small compared to k r . If k θ /(r 2 k r ) = ε << 1, the desired cartesian stiffness properties are automatically obtained at the spine tip:
The above representation is valid only for small displacements about an initial position. For finite displacements, the tip forces can be written in terms k r , k θ , the initial values r 0 and θ 0 and a small preload torque, k θ θ p , that produces a small normal force at initial contact:
Let
Then the stiffness at the spine tip is
where
Combining these with ε = k θ /(r 2 k r ) results in:
∂F s ∂y = k r cos 2 θ + ε sin 2 θ + r − r 0 r sin 2 θ + 2ε sin θ cos θ(θ − θ 0 ) .
5 Results
RiSE spine mechanism
The spine mechanism used for the applications shown in Fig. 1 was originally designed for the RiSE climbing robot [8] . As shown in Fig. 4(left) , the spine consists of a small hardened steel hook (Tiemco 900BL fish hook) with a tip radius of 10 − 25µm, depending on how worn it is. The spine is embedded in a molded structure of hard and soft urethane (Smooth-On Task 9 and Vytaflex 30, respectively) created using Shape Deposition Manufacturing [24] . The mechanism is a damped, elastic linkage as shown in Fig. 4(right) . Load/displacement tests reveal that k 3 + k Operation of the RiSE mechanism is shown in Fig. 5 . In column (a), the toe is preloaded perpendicularly to a surface. As the toe is lowered, the mechanism rotates around the pin through element 2. In column (b), after the toe has 1 cm Arrows show motions applied to the base. As spines contact the surface (a), the mechanism rotates around pin (2) seen in Fig. 4 . As spine engages an asperity (b), the mechanism stretches. As it reaches maximum extension (c), the overload pin hits the cutout, triggering release and reattachment.
been preloaded and the spine has engaged on an asperity, the elastic elements 3 and 4 extend, while the spine remains largely in the same orientation. Column (c) illustrates the overload protection mechanism in action: after the linkage has extended 9-11mm, pin 6 runs into its enclosure as indicated by the circle in Fig. 5(c) . This causes the spine to disengage and revert to the position it was in at the end of the preload phase.
The force/displacement properties of the mechanism are closely approximated by an elastic stalk model, as presented in Section 4, with r 0 = 3.0 cm, θ 0 = 30 degrees and θ p = 3 degrees. Elements 3 and 4 in parallel provide the extensional stiffness k r = 191 N/m, while element 5 acting in conjunction with the moment arm given by element 2 provides the rota- tional stiffness k θ = 0.0015 Nm/radian. As seen in Figs. 6 and 7, the results of applying these values to equation 3 agree closely with measured forces, the primary difference stemming from hysteresis in the polyurethane in the RiSE linkage. The agreement motivates the use of the elastic stalk model to examine the effects of variations in parameters including k r , k θ , r 0 and θ 0 .
Testing spine mechanisms on a prepared surface
Spine mechanisms were tested using a mechanized stage and force plate. The stage has a positioning accuracy of ±20µm and force measurement accuracy of 25mN. In the tests, a group of ten spines was mounted at a 30 • angle with respect to the surface. The common spine base was first moved in the direction normal to the surface to a specified preload depth, and then moved parallel to the surface 8mm. A 1.6mm diameter bar was mounted on the force plate such that all spines caught on it as they were dragged. The trajectory was reversed to return to the starting position. Results are shown in Figs. 6 and 7. Figure 7 illustrates the results in force space for a sequence of tests. The loading curves show a largely radial pattern, with a slight upward curvature that results from the elastic stalk model. As discussed in section 3, this upward curve is beneficial because it follows the curvature of the safe region, although the curvature is less than ideal for this surface. The cartesian stiffness values for various points along the curves are also displayed. At all times, k xx is quite low in comparison to k yy . Hence, any spines that initially engage asperities with small safe regions will detach at low force levels, freeing them to engage new asperities as the spine based progresses along the surface. In practice, the lower bound on k xx is established by the need to overcome friction between neighboring spine mechanisms.
The results in Fig. 7 also reveal that the stiffness does not have a nonlinear softening characteristic that would be preferred for load sharing, as discussed in Section 3.2.
Finally, note that the preload force required for engagement is quite small relative to the maximum adhesive force -a ratio of over 25:1, which compares favorably to most directional dry adhesives [25] . .0mm were applied, followed by a drag of 8mm parallel to the surface. Spine cartesian stiffness matrices are shown at various points using the stalk model.
Testing on a real surface
The RiSE spine mechanisms were also tested on roofing paper (Royal Sovereign Shingles brand), to determine their performance on a typical rough surface. The roofing paper, which is coated with small particles of rock, was chosen because it has a roughness similar to stucco (approximately 204µm RMS) and is easily cut and mounted to a force plate. The rock particles dislodge easily, so for these tests the roofing paper was coated with a thin layer of cyanoacrylate glue. During testing, the spines were preloaded into the surface, dragged parallel to the surface, and then pulled off normal to the surface, as shown in Fig. 8(top) . The spines moved through the trajectory at a constant velocity of 2.5 mm/sec. The results of a typical trial are shown in Fig. 8 .
The middle plot in Fig. 8 shows the shear and tangential forces over time. At the end of the preload phase, some spines have engaged asperities already, so the forces are nonzero. During the loading phase, the force ramps up quickly as additional spines engage and bear loads. Several spines disengage during the trial, which results in drops in force (1). The spine-asperity contacts exceed their individual F max limits either due to rock particles detaching from the surface or due to the spine mechanisms hitting their overload protection limits. In this example, the drag length during the loading phase (16mm) was longer than the maximum travel for each individual spine (11mm), so a spine that engaged right away would be forced to disengage before the end of the drag. Finally, during the pull-off phase, additional spines disengage with corresponding drops in force (2).
The lower plot in Fig. 8 shows the same forces plotted in force space. Here, it can be seen that the forces during the loading phase stay on a nearly linear loading curve, even as some spines disengage (1) . Only when the spines are pulled away from the surface during pull-off do the forces deviate from this curve (2).
An empirical safe region was determined through repeated testing of the spines on the roofing paper, as shown in Fig. 9 . The plot shows the maximum forces during each trial as a group of ten spines was dragged against a roofing paper surface and pulled off at various angles. Blue dots denote tests on paper reinforced with cyanoacrylate glue, while red plus symbols show the results of tests on unreinforced paper.
Due to the probabilistic nature of the surface and the attachment, the maximum forces achieved by the set of spines vary between trials. On the plot, two lines radiating from the origin were drawn to enclose the majority of the trials limited by the adhesion limit, corresponding to slopes of 20 • and 45 • . The shallower slope is a conservative estimate of the adhesion limit likely to be encountered on the surface, while the steeper slope is the approximate upper bound. The slope of the adhesion limit is the same for both the reinforced and unreinforced roofing paper surfaces, because the sizes and profiles of the asperities were the same with both surfaces.
For the F max limit, again two different curves were F max limit Fig. 9 . Empirical measurement of the safe region for a group of ten spines on a roofing paper surface. Blue dots are for paper reinforced with cyanoacrylate glue, and show the same adhesion limit as unreinforced paper (red + symbols) but with a larger F max limit.
drawn to enclose the majority of the data points. In this case, the reinforced paper had trials with larger force magnitudes than with the unreinforced paper: in the unreinforced tests, failure was usually due to particles dislodging from the surface. Reinforcing the roofing paper makes the particles attach more strongly, leading to fewer failures at low force magnitudes.
The darker green shaded region, then, corresponds to a conservative safe region for both the reinforced and unreinforced roofing paper, while the lighter green shaded region represents a realistic safe region for the reinforced paper.
6 Spine Mechanism Design
Practical Requirements for Spine mechanisms
Several additional practical considerations are necessary when constructing spines. First, an overload limit is essential for disengaging spines when the mechanisms reach their maximum elastic extension. Otherwise mechanisms for any spines that engage before their neighbors could be damaged. The pin and cutout discussed in Section 5.1 serve this purpose and additionally prevent displacements in any direction beyond the dimensions of the cutout.
A related requirement is that spines be able to disengage from concave surface profiles (e.g. pits and cracks) without jamming. To meet this requirement, the spine should not rotate significantly when the tangential force is relaxed. If the stalk length r 0 is relatively long compared to the maximum deflection in the x direction, this requirement is generally satisfied.
Second, it is desirable that spines re-enage rapidly if they slip off an asperity. Re-engagement can be seen in Fig. 8 , where the group of ten spines maintains adhesion even as spines disengage and reattach. To achieve this property, the base of the spines must move closer to the wall as the spines are loaded, so the unengaged spines have a positive normal force and the ability to engage on new asperities. In the stalk model, this means that the spines should be operated with θ < θ 0 . In the RiSE spine design, this occurs naturally because the overload protection mechanism prevents deflections in the opposite direction.
The operation of the stalk model also has implications for the choice of the initial angle. The stalk starts at θ 0 but soon rotates clockwise to an angle θ that is nearly aligned with the applied load. For the spine to operate with θ < θ 0 as is desired, the initial angle should be greater than the angle associated with the adhesion limit of the surface, i.e. θ 0 > tan −1 (α), where α = −F n /F s . If the initial angle is too small, some part of the safe region will be unavailable for use. Conversely, if θ 0 is too large (θ 0 >> tan −1 (α)), the stalk will need to undergo a large clockwise rotation as loads are applied, possibly resulting in geometric interference between between the spine base and the wall.
Summary of spine mechanism design process
In summary, to design a spine mechanism, one should follow these steps:
1. Begin by determining the constraints that arise due to the wall, including the average distance between asperities, the adhesion limit and the maximum force that asperities can support. Ballpark numbers for these parameters can be determined by dragging a spine attached to long non-compliant link, while applying a light normal force until the spine engages an asperity. One can then vary the loading force and angle until the spine disengages or the asperity fails, recording the limiting force value. From these results a plot similar to 9 is obtained. The maximum spine tip radius depends on the surface roughness [7] although smaller spines will generally engage on more asperities. 2. With the wall parameters established, the basic spine mechanism should be determined. As discussed in Section 4, the mechanism should behave approximately as a stretchable stalk, generating a radial pattern when tip forces are plotted in force space. Ideally these patterns should curve slightly upward and, ideally, the stiffness should decrease as the mechanism approaches maximum extension. The mechanism should also prevent the spine from rotating as the linkage extends, provide overload protection for the spine, and provide a way for spines to disengage reliably without jamming in deep crevices. 3. Next, the mechanism parameters can be determined.
The maximum extension in the y direction should exceed the average distance between asperities. The radial stiffness k r is then chosen so that F s → F max at maximum extension. When the linkage is extended at zero preload, the force should initially be at an angle approximately 10% greater than the maximum angle at which the surface can sustain loads, tan −1 (α). The mechanism should also provide enough travel in the x direction to permit the spines to conform to surface undulations and to sustain loads nearly parallel to the surface without the linkage mechanism interfering with the surface. The angular stiffness k θ should be as small as possible while still being sufficient to overcome friction between adjacent spines to restore the spines to their unloaded position. 4. The final consideration is the maximum load that will be applied by a single robot foot, which determines how many spine mechanisms are needed in a row. In practice, 25-50% of the spines in a group will engage during a loading cycle, depending on the surface. Sufficiently many spines should be used such that the engaged spines hold an average of half of the maximum load.
Conclusion and future work
The previous sections have discussed design principles for compliant mechanisms used with spines for climbing vertical surfaces. The behavior of spines interacting with asperities on a surface is discussed, which leads to requirements on the stiffness properties of a spine linkage mechanism. To understand the effect of the ratio of normal versus tangential stiffness, the desired behavior of a spine mechanism can be approximated by a simple model consisting of a stretchable stalk. The parameters associated with this stalk model (k r , k θ , r 0 , θ 0 , θ p ) are chosen so that forces follow the adhesion limit −F n /F s as the stalk as loaded, while also providing a small initial preload and sufficient restoring force to reattach spines if they detach prematurely. Ideally, the stiffness of the mechanism should decrease with increasing load, to promote load sharing as the spine mechanisms approach maximum extension.
An example mechanism is presented, which closely approximates the stalk model on rough surfaces. Although it does not have the desired nonlinear softening behavior, it achieves sufficient load sharing that it has been used successfully in large groups of spines on roofing paper surface as well as a variety of real-world surfaces [8, 9] .
Future work is necessary to determine additional principles to make large patches of spines work together. Practical applications with heavy loads may require large arrays with 1000 or more spines. The use of large arrays introduces additional concerns regarding alignment to surfaces and sharing loads among the entire array.
A second area of future work is the analysis of opposed arrays of spines. For applications where gravity cannot be relied upon to load spines in the tangential directions, including climbing on overhanging surfaces and clinging to low-gravity asteroids (e.g. [26] ), it is necessary to use opposed arrays of spines that apply opposing shear forces. All the foregoing analysis holds true, but there is now a requirement to provide a tangential loading force to pull the opposed spine mechanisms toward each other.
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